The ubiquity and importance of short duplex RNAs, termed microRNA (miRNA), for normal development in higher eukaryotes are becoming increasingly clear. We had previously shown that reduction-of-function mutations in Arabidopsis thaliana DCL1 (DICER-LIKE1) gene, affecting the nucleus-localized protein that produces 19-25 nucleotides long miRNA species from longer double stranded RNA precursors, cause a delay in flowering by prolonging the period of juvenile organ development. Here we show that DCL1 transcription is increased at the critical phase of juvenile to reproductive developmental transition, and that DCL1 protein is localized in meristematic cells of the shoot, inflorescence and flowering meristem. DCL1 protein is also expressed in the ovule funiculus, ovule integuments, and in early but not late embryo. Genetic analysis revealed that DCL1 exerts its effect along the same pathway that involves the floral pathway integrator gene LEAFY. Results are most consistent with the idea that DCL1 protein is required in the shoot apical meristem to prevent uncontrolled proliferation of meristematic cells. The expression of DCL1 protein in the early embryo may be either via the transmission of DCL1 mRNA through the female gametophyte, as suggested from the sporophytic maternal effect of dcl1-8 on early embryo development, or from DCL1 mRNA synthesized in early embryo cells off the maternally transmitted allele. The requirement of an active maternally transmitted allele of DCL1 for normal early embryo development, and the presence of DCL1 protein in the early embryo, together suggest that the synthesis of miRNA in early embryo cells is critical for development, but does not rule out potential maternal contribution of miRNA or its precursor molecules into the embryo.
Introduction
A form of small regulatory RNA, microRNA (miRNA), controls the expression of target genes at the posttranscriptional level by several mechanisms [1, 2] . One mechanism involves the degradation of target mRNA having sequence complementarity to the miRNA. A second mechanism involves inhibition of translation, and requires less stringent sequence complementarity between the miRNA and its target mRNA.
Biosynthesis of miRNA is dependent on a class of enzymes known as Dicer. Unlike mammals, which have only one Dicer, plants have multiple Dicer-like enzymes that perform specialized functions. In Arabidopsis thaliana there are four DICER-LIKE genes, DCL1-DCL4 [3] . DCL1 is required for the production of most classes of miRNA [4, 5] . A mutation (dcl1-9 allele) that deletes one of two dsRNA binding domains [6] and a P415S substitution allele (dcl1-7) that perturbs the RNA helicase domain [7] , each of which removes most species of miRNA molecules encoded by Arabidopsis, suggesting that this protein is essential for the processing of miRNA precursors into mature miRNA [4, 5, 8, 9] . While in animals the processing of hairpin-containing long primary precursor transcripts (pri-miRNA) to shorter pre-miRNA requires the participation of another enzyme, Drosha, in plants both steps are catalyzed by the activities of the single enzyme DCL1 [4, [10] [11] [12] [13] [14] . DCL1 is neither involved in post-transcriptional silencing of transgenes [9] , nor it is necessary for siRNA mediated silencing of viral RNA expression [15] [16] [17] [18] .
Since their discovery, plant miRNAs were implicated as regulators of developmentally important genes [18] . Examples range from the recognition that developmentally important genes such as DCL1 and ARGONAUTE1 (AGO1) encode gene products that process miRNA and/or miRNA targets [4, 6, 7, [19] [20] [21] to the identification of specific miRNA species with homology to mRNA that encode developmental regulators [2, 19, [22] [23] [24] . AGO1 is the enzyme that cleaves target mRNAs in a complex involving complementary base pairing with its cognate miRNA [25] . The expression of DCL1 mRNA is itself potentially under feedback negative regulation by DCL1's action on miR162, a miRNA that contains sequence complementarity to the DCL1 message [26] .
Arabidopsis DCL1 is preferentially transcribed from the maternally inherited allele, whose activity in the maternal sporophyte and in the embryo is essential for normal embryo development [7, 28] . Activity of DCL1 is also important for transition from the juvenile to the mature phases of plant development [29] . While complete loss of function mutations of dcl1 cause embryo lethality [7] , reduction of function mutations in dcl1 produce a range of developmental defects in Arabidopsis [3, 6, [28] [29] [30] [31] [32] . In particular, the dcl1-9 allele causes unregulated cell division in floral primordia [6] , and all weak dcl1 alleles prolong the period of juvenile development, confound normal ovule morphogenesis, and embryos born on homozygous dcl1-8 plants exhibit maternal effect pattern formation defects [28, 29] . The flowering time delay in homozygous dcl1-7 or dcl1-8 mutants is suppressed by a mutation in the TERMINAL FLOWER1 (TFL1) gene [29] , which maintains the juvenile phase of the shoot apical meristem (SAM) by negatively regulating APETALA1 (AP1) and LEAFY (LFY) [33, 34] . Both AP1 and LFY encode transcription factors and are classified as floral meristem identity genes [35, 36] .
Mutations in these two genes are characterized by late flowering, due to the delayed conversion of lateral meristem fate to produce flower, and abnormal floral morphology.
The late flowering phenotype of dcl1-7 or dcl1-8 is enhanced by ap1-1, a partial loss-offunction mutation, suggesting that the targets of DCL1 might be genes that participate in the conversion of the lateral inflorescence meristem to floral meristem [29] .
Here we show that DCL1 protein is localized in the very cell types where DCL1 has the most phenotypic effects, namely, in cells of the shoot apical meristem (SAM), the inflorescence and floral meristem cells, in ovule integuments and in the early embryo, and we examine the genetic interaction of dcl1 with LFY and other genes important for flower development.
Results

DCL1 Protein is Expressed in the Ovule, Early Embryo, and Meristem Cells
We previously showed by in situ RNA hybridization analysis that DCL1 mRNA is present in both inflorescence and floral meristem cells, and that those dcl1 alleles that delay flowering time also affect this transcript [7] . To test whether DCL1 transcription is temporally regulated to coincide with transition to flowering, we examined the level of the 6.2 kilo-base (kb) full-length DCL1 transcript during development by RT-PCR analysis ( Fig. 1, A) . We detected an increase in the 6.2-kb transcript in RNA samples from wild type plants at a stage immediately before the transition of the lateral meristem to the floral fate. The mRNA level declined upon transition to flowering.
To determine whether this pattern of mRNA accumulation in the meristem correlates with expression of DCL1 protein, we raised polyclonal antibody against a protein 6 fragment containing the amino terminal 110 amino acid residues of DCL1 protein. This protein fragment is highly acidic (predicted pI of 3.91) and bears no significant homology to any other known protein from Arabidopsis, including the three other DCL homologs.
Western blot analysis with the purified antibody revealed a major band of ~214 kilodalton (kd) in the soluble fraction of proteins prepared from flowers and buds ( Figure   1 , B, left), which corresponded to the predicted 214 kd size of DCL1, and a few faint bands of lower molecular weights. The ~214 kd band was seen consistently in Western blots while the lower molecular weight bands were variable, suggesting the latter bands represent nonspecific degradation products of DCL1. In one western blot, we observed a single strongly reactive band corresponding to ~430 kd, which either represented a dimeric DCl1 that had failed to denature or a modification product (Figure 1 mutants that are affected in ovule integument development and strong dcl1 mutants in early embryo pattern formation, as well as with the patterns of DCL1 promoter activity described earlier [7, 28, 30, 31] .
Strikingly, we were able to localize strong expression of DCL1 protein in the ovule funiculus ( Figure 2 [15] . No morphological defect in the funiculus, however, has yet been seen in dcl1 mutants.
We investigated the expression of DCL1 protein in transgenic lines harboring DCL1
cDNA under the control of cauliflower mosaic virus 35S RNA promoter (35S::DCL1) described earlier [32] . DCL1 protein is detected in the SAM and emerging leaves of plants expressing the 6.2-kb DCL1 cDNA (Figure 2 , C) at a high level in those lines that show high level expression of DCL1 transcript [32] .
DCL1 Augments Floral Fate Determination by LFY
Results described above together with previous results on the effect of dcl1 mutation on flowering time [7, 29] are consistent with a role for DCL1 in lateral meristem fate transition. One hypothesis for this role is that negative regulators of reproductive development during juvenile to adult transition are repressed by one or more DCL1generated miRNA(s). We had previously shown that dcl1 mutations dramatically enhanced the late flowering effects of weak ap1-1 allele [29] . Like AP1, LFY is a major player in determining the floral fate of lateral meristem cells; these two genes are mutually synergistic and LFY is a positive regulator of AP1 transcription. DCL1 could potentially generate a miRNA that down regulates a negative regulator of LFY.
Alternatively, a specific miRNA could down regulate a negative regulator of a downstream target gene of LFY. In this latter role, this miRNA could be a negative regulator of a gene that inhibits flower development. In either case, dcl1-7, which removes most species of miRNA, is expected not to affect a null lfy phenotype but should enhance a weak lfy phenotype. If on the other hand, the miRNA produced by DCL1 affects flowering through a LFY independent pathway, then all dcl1 lfy double mutants should be synergistically affected in flowering time. To examine these questions, double mutant combinations were made between dcl1-7 and two alleles of lfy.
The strongest allele of lfy, lfy-26, causes the production of numerous lateral branches, suggesting a conversion of floral meristem into coflorescence shoots, usually with a subtending cauline leaf. Many of these lateral coflorescence branches fail to extend ( inflorescence shoots and shoot-like lateral organs. In lfy-2 dcl1-7 segregants, however, the conversion of lateral organs to a coflorescence-like fate was significantly higher than in either single mutant. This can be seen as a sharp decrease in the number of single flowers in the double mutants (Fig. 3G ). The enhancement of LFY phenotype by dcl1 is consistent with the notion that DCL1 controls LFY activity either directly or indirectly and by doing so it affects lateral meristem fate transition from coflorescence to flower.
Early Flowering by LFY Over-expression is Enhanced by dcl1 Mutation
Expression of LFY cDNA from the 35S promoter (35S::LFY) causes early flowering [37] .
If DCL1 controls LFY activity by producing guide miRNA against a repressor of either LFY or of its downstream target, then dcl1-7 mutants harboring 35S::LFY should flower less readily than DCL1 35S::LFY plants. To test this prediction we constructed plants heterozygous for dcl1 and hemizygous for 35S::LFY and analyzed the progeny of these self-crossed plants. Table I illustrates the segregation of phenotypes in one representative F 2 population.
Four phenotypic classes were identified: typical 35S::LFY, wild type, an unexpected novel phenotypic class, and typical Dcl1 -. The segregation data show no deviation from the 9:3:3:1 ratio for two independently segregating loci (χ 2 = 2.4; P ≥ 0.5), implying that the novel phenotypic class is due to the combined effects of the transgene and dcl1 mutation. The novel phenotype is characterized by an extremely rapid conversion of the shoot apex to the floral fate, following only three vegetative leaves ( Fig. 4A, B ; Table I), with no extension of a primary inflorescence stem. A mass of incomplete flowers develops at the rosette level, many with abnormal organs of mosaic tissues. The sepals and petals are often strongly carpelloid (bearing abnormal ovules typical of Dcl1phenotype), stamens are reduced in size and number, and the carpels are small and often unfused. Similar results were obtained in crosses of the less severe dcl1-8 allele to 35S::LFY, with a corresponding weakening of the synergistic phenotype (Table I) .
To further analyze the synergistic phenotype, individual 35S::LFY dcl1-7 plants were To determine the morphological basis of the novel phenotype, the shoot apex was examined on various days post-germination ( Fig. 5) . Termination of the primary SAM can be seen in 35S::LFY dcl1-7 plants as early as 11 days (Fig. 5A ). Confocal fluorescence microscopy of inflorescence stained with propidium iodide revealed the presence of many apical meristem domes instead of a single dome of the SAM present in wild type or dcl1 mutant plants (Fig. 5G, H) . In dcl1-7 35S::LFY plants, however, each of the numerous apical domes is smaller in size than in the wild type.
The fate of the shoot apex does not change from day 11 to day 13 in 35S::LFY plants, because, at both time points, they produce only leaf primordia (compare 5B with 5I). By It is possible that the effects of dcl1 on 35S::LFY are due to dcl1 directly affecting LFY mRNA. To test this, gel blots of RNA isolated from leaves of these plants were probed for LFY mRNA (Figure 1, C) . Vegetative leaves of wild type plants express low levels of LFY mRNA that cannot be detected by RNA gel blot experiments [38, 39] . We found no consistent reduction of LFY mRNA in 35S::LFY dcl1-7 plants compared with those in 35S::LFY plants ( Fig. 1, C) . One specific 35S::LFY line did show a high expression of LFY mRNA, but it had no phenotypic difference compared the other 35S::LFY lines.
These results do not reveal a consistent direct effect of dcl1 mutation on the transcript level off LFY cDNA.
To examine whether DCL1 is important for flower initiation via a parallel pathway involving the EMBRYONIC FLOWER1 (EMF1) and EMBRYONIC FLOWER2 (EMF2) genes [40] [41] [42] [43] [44] , we constructed dcl1-7 emf1-1, dcl1-7 emf2-1, dcl1-8 emf1-1, and dcl1-8 emf2-1 double mutant combinations.
The double mutant phenotypes were indistinguishable from emf1-1 or emf2-1 single mutant phenotypes, respectively, suggesting that DCL1 does not participate in the pathway controlled by EMF genes (data not shown).
Discussion
The control of programmed transition of meristem fate in flowering plants has been an area of intensive study, and a complex pathway that integrates multiple environmental and developmental signals has been elucidated [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . In summary, environmental inputs, including light and temperature, are transduced through a network of interacting genetic pathways to the 'floral pathway integrator' genes that include AP1 and LFY transcription factors. These transcription factors in turn activate the genes that initiate reproductive development.
DCL1 Augments Flowering through a Pathway Involving LFY
We had previously shown that dcl1-7 and dcl1-8 mutants, bearing missense mutations in the DExH box RNA helicase domain [7] , have delayed onset of the reproductive phase in both long and short days, and cannot be rescued by either vernalization or repeated additions of gibberellic acid [29] . Here we have shown that DCL1 protein is localized in the L2 and L3 layers of inflorescence and floral meristem, and is also expressed in the SAM, ovule integuments, in early but not late embryos, and in the ovule funiculus. We have presented genetic evidence consistent with the idea that DCL1 participates in the transition of inflorescence to floral fate, presumably along a pathway that involves LFY. proposed effect on meristem cell proliferation is our finding that DCL1 protein is localized on the SAM. Expression of DCL1 cDNA, however, did not increase the amount of protein in the SAM, which may be due to feedback regulation of DCL1 mRNA through miR162 [25, 32] , or it may reflect a combination of transcriptional and miRNAmediated post-transcriptional regulation.
DCL1 in Early Embryo
Mutations in dcl1 show sporophytic maternal inheritance [28] , in which even a heterozygous embryo borne on a homozygous mutant flower is defective in pattern formation, thus leaving open the possibility that the observed maternal effect could be due to the transmission of DCL1-generated miRNA through the female gametophyte into the egg. However, a DCL1 promoter fragment of the maternally transmitted copy (but not the paternal copy) is transcriptionally active in the embryo [7] , suggesting that at least in principle some DCL1 transcripts in the embryo could be synthesized off the maternally inherited allele. Our ability to detect the presence of DCL1 protein in early embryo cells provides evidence that in principle some miRNA could be synthesized in these cells de novo by the action of DCL1 protein on miRNA precursor molecules. These results are consistent with the embryo-lethal phenotype of homozygous dcl1 deletion mutants [3] in the sense that DCL1 protein in early embryo is essential for viability, presumably because it is necessary for de novo miRNA synthesis. This does not eliminate the possibility that at least some mature miRNA, or even all pri-miRNA/pre-miRNA precursors, in the early embryo are maternally transmitted.
Materials and Methods
RNA Analysis
Methods for RT-PCR analysis to detect the 6.2 kb DCL1 transcript were previously described [7] , except that radio-labeled nucleotides were incorporated at the PCR step. [37] , which hybridizes to a LFY mRNA of 1.5 kb, and for ROC1 template was a 400 bp PCR fragment from pCG22 (courtesy Dr.
C. Gasser), amplified with primers 5'-d[GATCGTGATGGAGCTGTAC]-3' and 5'd[CAATCGGCAACAACCAC]-3', which hybridizes to a constitutively expressed 750 bp cyclophilin mRNA [48] .
Protein analysis
To generate antibody against the unique N-terminal fragment of DCL1 protein, the corresponding cDNA sequence region was amplified with primers 5'- with SuperSignal West Dura Substrate Solution (Pierce) and exposed to X-ray films. For immunocytochemistry, plant tissues were fixed, embedded, sectioned and de-waxed as described by [7] . The sections were rehydrated, blocked in 3% (w/v) bovine serum albumin (BSA), incubated in 1:100 dilution of the primary affinity purified antibody in 3% BSA overnight, washed five times in phosphate buffered saline, incubated with 1:100 dilution of secondary antibody overnight, and washed as before. The slides were developed using the Vectastain ABC and Vector VIP kits (Vector Laboratories, Inc.) according to manufacturer's instructions.
Strains and Genetic Methods
Strain Sin1-C (dcl1-7/+; gl-1) was previously described in [31] . For constructing lfy-26 dcl1-7 double mutants, pollen from Sin1-C was crossed to CS6296 (lfy-26/+; ap1-1; er;
Landsberg ecotype, La-O). F 1 plants were distinguished from selfed progeny by their Ap1 + phenotype. F 2 lines segregating Lfyplants were chosen for analysis. Double mutant ap1 dcl1 plants were identified by their enhanced phenotypic effects [29] .
Phenotypic analysis was done exclusively on ERECTA plants. To make lfy-2 dcl1-7 double mutants, pollen from Sin1-C was crossed to CS6229 (lfy-2; Columbia ecotype, [40] [41] [42] . The F2 progeny in crosses segregating emf were tested for the dcl1 genotype by association with nga59 PCR. Conditions for plant germination and growth were as described before [29, 31] . Transgenic lines expressing DCL1 full length cDNA under cauliflower mosaic virus 35S RNA promoter and their construction were described earlier [32] .
Microscopy
Techniques for light and scanning electron microscopy were as described [29, 31] .
Confocal microscopy was performed as described [49] 37 Figure 5 
